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ABSTRACT

W c report the disc overy of the inner edge of the high velocity CO outflow
associated with the bipolar jet originating {fromIRS 1 inBarnard 5 and the
first ever resolution of its aircumstellar diskin the 2.6111111 dust continuum and
CO isotopes. lrom high spatialresolution observationsniade with the Owens
Valley Millimeter Array wearcable to locatethcoriginof the outflow to within
350 AU on either side of IRS 1 andapparently a thecedge of, or possibly
within, its circumstellar disk. The orientat ion of this disk inthe continuum
is exactly perpendicular to the highly collimated jet outflow recently seen in
optical emissionat much fur ther dis t ances. The 2CO interferometer maps
show two c.ollc-like featuresorniginating at IRS1, the blue one fanning open to
the northeast and the red one to the southwest. The vertices of the cones are
011 either side of the circ uinstellar disk and have an opening angle of ~90°.
13CO is optically thick in the inteiferomneter map and traces the gas far outside
the IRS 1 circumstellar disk. Theless abundant C*®Q0 alimost certainly probes
part of the disk structure and its cxtended ciicuinstellar enivelope, but it too is
optically thick at the center of the disk. Our HCO" map traces an extended
disk of material rotating clockwise arounda SW NI axis. The corresponding
HCNmap is associated with theoutflow material andambient core, but not the
disk. Thesc dense gas tracers indicate significant chemical differentiation in the

circumstellar region on siall scales.

Subject headings: stars: pre-mainsequence - individual (B51RS1);

ISM: jets and outflows



1. INTRODUCTION

IRS ] is the most luminous andmost deeply embedded of the four infrared sources
identified as low mass young stellar objects (YSOs) in Bartiard 5. Goldsmith, Langer, &
Wilson (1 986) dctected high velocity C() outflows associated withlRS 1, IRS 2 and IRS 3
and suggested that IRS 4, located in acavity, was in a postoutflow stage. They proposed
that these formedasequence of YSOs at different stages of evolution with IRS 1 the
youngest andIRS 4 the oldest. T'hey also suggested that 135 was undergoing self-limited
star formation and that the ongoing star formation was causing chemical evolution as a
result of fragment-interclumprecycling. The dense star forming interior, as traced by
C™0, has amass of 200 to 500 M, (lL.anger et al. 1989)and the core surrounding IRS 1 is

estimated to have about 50 Mg, assunnng adistance of 350 pc.

The structure of the coreregionsurrounding IRS 1 was investigated in more detail
by Fuller et a. (1 991) using higher spatial resolution observations. These authors made a
beamn sampled map of the high velocity outflow traced by ?CO (1 -»> O) using the IRAM
J0m antenna, with a beamsize of 22”. They detected CO outflow material out to a velocity
of - 10 km s with respect totherest velocity of the ambient gas, but could not trace its
origin to better than 20" around JRS 1. The shape of the CO outflow appears in projection
as anarrow arc with opening angle about 30°. Inthe blue lobe they noted that the location
of the apex of the arc corresponded closely with that of anopticalarcseen at the Gunn
I-band by Heyer et al. (1990). T'lic apexof the optical arcliesncar RS 1 and is apparently
a reflection ncbula illuminated by IRS 1 (Moore & Emersou1992). No comparable arc
was detected at the Gunni- band iuthe red-lobe of the out flow. Recently Bally, Devine,
& Alten (1996) detected a high velocity optical jet associated withthe CO outflow in BS
from observations of Hea and S11.'T'his {cature, which extends from~ 4’ to 11' on both sides

centered on 1RS 1, could not be traced within several arcininutes of IRS 1 because of the
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high optical extinctioninthe core, but points back to [RS 1.

In this Letler we present anew picture of the B5 innermost core using high spatial
resolution observations of CQ isotopes, dust continuum,anddense gas tracers HCO™ and
HCN made with the Owens Valley Radio Observatory Millimeter Array. We are able to
trace tile high velocity CO outflow lobes back to theirorigins whichlie within 1 of IRS 1
and within its circumstellar disk. Qur HCO* observations trace the circumstellar disk and
its surroundingsand show that it is rotating about its axis. TheHCN emission does not

trace the disk and there appears to besigmificant chemicaldifferentiation in this region.

2. 013SKRVATIONS

The results presented here arc based on observations made between April 1993 and
May 1994 with the Owens Valley Millimetes Array (OVRO-MMA) which is operated by
the California Institute of Technology. For the Spring of 1994 obscrving season the MMA
was comprised of 5 antennas while the earlier obser vations had 4 antennas. We used
S1S receivers with a single sideband (SSB)systemn temperature typically in the range of
250 to 400 K. Spectral line observations at > CO(1-:0)and C*®O(1--,0)were obtained
simultaneously using a 128 channel digital correlator For’ eachline 64 channels were used,
giving a spectral resolution of 125 kHz (0.34km s'). The *(; (1 - »0)observations were
taken with two different spectrali esoluti ons, ] 25 and 500 kllz, cach using 64 channels. The
HCN(1->0)and HHCO# (1-+0) observations were taken using spectral resolutions of 250 and
84 kllz, respectively. The continuumn data were acquired simultancously with the spectral
line observations using 1GHzbandwidth. Theradio source 3C84 was used for gain and
phase calibration. During each observing clay fourpositionsin BB were observed with phase
centers corresponding tothelocations of the four infrared sources JRS1 to 4. Observations

of Uranus and 3C273 were used for flux cali brations and 3C273 was used for passband
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calibration. The raw visibilty data were calibrated using soft ware specific to OVRO-MMA
(Scoville et al. 1993) and the maps were madeusing AIP'S. Here we will only discuss our

results for 1RS1, as We did not detect significant emission fromn the other three sources.

3. RESULTS

3.1. Dust Emission Continuum and COlsotope Maps

To resolve the disk ernission we used the full resolution possible with the visibility
data by using uniform weighting. Figure ] shows the 2.6 1 continuum map made at
2.9 x 2“.4 resolution. At thecenter is anelliptical disk oriented southeast-nort hwest with
FWHM of 3*.5 x 2".2 as determined froma 2-]) gaussian fit to the emnisssion distribution.
The center of the continuum emission is within 1“ frornthelocation of IRS1 (see ‘1'able
1) as dctermined by IRAS (Beichinan et al. 1984). Note thercare several values in
the literature for the position of IRS 1, differing by as much as 2-4”, but within their
respective measurement errors - sce Table ] If the circumstellardisk is centered on the

YSO then the position of IRS 1, as determined from our continuumn observations, should be

Beichman et a. (1 984).

‘J here issomeindication of a weak extended envelope surrounding the disk in the
continuumn map. Theorientation of this disk in thecontinuum is exactly perpendicular to
the large scale CO outflow (I'uller et al.) and the highly collimated jet outflow recently
seen in optical cimission (Bally et al. ) at much further distances. Wcaso detected weak
continuum cmission at 3.4 mm, ~ 3.5 mly (beam) ! a the IRS1 position, however it
has a low signal to noise ratio of ~ 3. The 3.4 mm continuum data had only 500 MHz of

continuum bandwidth (compar(:d to1GHzat 2.6 min)and a lower angular resolution of ~
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6, and we donot have thesensitivity for comparison with the 2.6 i map

The interferometer maps of C*0 and*CO areshowninligure 1 at 5 x 4 resolution.
The C®O emission appears to trace the dense circumstellar disk scenin the continuum
emission, as well as the surrounding gas. Thestructure and orientation of the inner region of
the C*®*0 map resembles that of the continuum map. 1o determine the physical properties
wc have fitted the central emissionineach map with a 2-1) Gaussian.Table 1 summarizes
the position, size, and positionangle of the major axis of the disk emission in the continuum
and CO isotope maps. The larger beam size in the CO maps a nd contamination from the
surrounding core (and perhaps outflow)are probably responsible for some of the differences
between them. Note thatintheinterfer ometer maps the Jarger scale emission from the B35
core (L.anger et al. 1989) is resolved outandonly thesmallscale emission from the disk
and its surrounding are scen. T'he G0 emission is quite elongated (it covers 10*) and can
be scen to extend much furtherthan the continuum emission. This extended component
may represent the surrounding core materia1l from which IRS 1 arose. The *CO emission
map shows less clearly thecircumnstellaidisk component,and extends over a slightly larger
region (see g'able 1) than that of the C'®O extended emission. This isotope has a greater
opacity than C'¥Qand so it is not surprising that it does not probe the gas properties in
the deeply buried disk or eveninthe dense core. Furthermore the'*CO map could contain

some of the ermission from the outflow material.

3.2. 12CO Emission

The '2CO interferometer cinission is presented in Figure 2 as spatial maps at three
velocity intervals corresponding to the blue shift ed, ambient, and red shifted gas. The
major axis of the disk is alinost exactly perpendicular to the jet outflow direction. It can

be seen that the 12CQO ambient emission (Fig. 2b) peaks very closeto that of the dust



continuum but is somewhat more extended along the direction perpendicular to the major
axis of the disk. Therefore it appears to be tracing the out flow seen at velocities closc to
the rest velocity. Of course one does not expect to scethe 12CO emission from the disk and

its surroundings as it is very opague,

The ?CO interferometer maps show two cone-like features originating at 1RS1, the
blue Wing onc fanning open to the northeast (F2&') and thered wing oncopen to the
southwest (}'ig.2c), both with openinigangles~ 90°. It is also very striking to scc in these
maps that the vertices of the cones, the apex of the outflows, arc locat cd on either side of
the dust continuum showing the origination of the flows at the top and bottom edges of the
disk, within 1* (350 AU) of IRS 1, assuining a distance of 350 pc. Thus it would appear
that we have traced the origin of the CO outflows back to the cdge of the circumnstellar disk

arid perhapswithin the disk.

3.3. NCO* anti 11ICN

The HCO® emission in the core of B3 isstrong enough to resolve the central structure
as a function of velocity. Figure 3showsthe interferometermaps of B5 in three velocity
channels. The emission map is cent ered on the peak in the dust emission (to within the
resolution limits of this map, which is largerthanthat of thecontinuuinemission). HCO™
appears to trace the circumstellar disk but aso hasalarger, moreextended component (see
‘I'able 1). ‘]’here is an apparent velocity shiftinthese maps indicative of clockwise rotation
about an axis through the disk and paralle] to the outflow axis corresponding to a gradient

of 0.5 kin S over 2000 to 3000 AU.

The HON emission, in contrast to the 1] CO-l emission, is not centered on JIRS 1 and
the circumnstellar disk. Inligured we present spatial maps of 1CN made with different

hyperfine components: 1) F:-2--» 1, the main hyperfine line; and, 2) the suin of the weaker




components F'==0-Jland 1- »1. The HCO* 1nap integrated over all velocities is shown for
comparison. Nuller et a. determinedfroma two component gaslayer model that the main
component in HCN was optically thick. Thus by looking at the mmapsmade in tile different
hyperfine components we can see whether opacity eflec tsmightbe affecting the position of
the spatial distribution of the cinission. The HCN emissionin both maps is displaced to
the cast of IRS 1, which sits ncarthe edge of the distribution), and is distinctly different
from the distribution seen inHC O" . The similarity in bothHCN maps argues then that
this displacement is real and not anarzifact of opacity. Thisshapeof the HCN emission is
similar to that observed by }Fulleret al. but here themuchhigher resolution of our maps

demonstrates unambiguously that HC N has little to do with I1RS 1 or the circumstellar disk.

4. DISCUSSION

The observations presented here p1ovide striking evidence for the structural
relationships of the 1RS1 source, circumstellar disk, optical jet, and for the origin of the
high velocity CO outflow (Figureh is aschematic of these components. The vertices of the
red and blue shifted outflow lobes are separated by 4 “.5, They arecoriented at a 73° position
angle which is close to that of theoptical jet (Ballvet a. ) androtation axis (inferred
from our HCO" data). Inltigure 2b the emission fiom the 2CQ outflow gas at the rest
velocity, peaks between the vertices of theredandbluelobes. I'urthermore, its centroid
is slightly shifted towards the red vertex. At the rest velocity the emission from both
vertices will be close together and is seen as a sin gle extended component due to smoothing
by the beam. Thercfore, the location of therest velocity emission is consistent with the
outflow originating at the verticesshowninlFigures 2a&c and Iigure 5. We conclude
unambiguously that the bipolar outflow (and by infcrence the optical jet) originates with in

350 AU (I") from the star. The openings of the outflow coues continue out to at least 25
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(9000 AU), which is theedge of thefield mappedby OVRO-MMA. At the edge of this field
the widthof the emission coneis40” (14 ,000" AU). Beyondthisthe emission is traced in the

large scale CO outflow maps (Goldsmithetal. and Fuller et al.),

To estimate the mass of the disk we use the (180 and continuum emission. Each
has its own intrinsic uncertaintics due to assumptions about abundance, temperature, and
inthe case of CO, opacity. Theratio of the brightness of C0Oto C'*O emission in the
central disk regionis~1.], andthe 3CO emission is definitelv optically thick. Fven C®*0
probably has ar > 1in the disk, which is consistent withthe larger extent of the disk in
C'*O compared to the continuum ('Jable 1). Thepeakbrightness temperatures are 3.3 K
for C0 and 29 K YMai0. As the densitics are highenough to thermalize the gas and
7> 1 we have assumed a gas kinetic tetnperature 10 K. Foranoptical depth of 1 for C1#0,
we cstimale the mass of the disk to be 0.05and 0.10 Mg out to 3 and 6“, respectively,

using the equation in Chandleret a. (1 994).

From the 2.6 mm continuumn flux we estimate the mass of the dust in the circumstellar
disk (scc Chandler et al. 1995) to be ~ 0.10 and 0.17 Mgout to 3* and 6* radius,
respec tively. We have assuined optic ally thin emission, a dust timperature of 30 K
(Beichman et a.), and B=1The close agreement of the disk 1nass derived from the dust
emission and the gas emission may be col ncident al consider ing th ¢ uncertainties. However,
taken at face value, it suggests that the continuum and C'™ O line emission trace roughly

the same material and that C'®0 is not significantly depleted.

Comparing the distribution of HCNand HCO* (Figures 3 and 4) we see that they
have very different distributions, whereas the HCO® is better correlated with **CO and
C'0. ‘I'he corrclation of HCO* is to ‘be expected giventhat HCQ" is produced from CO
inthe gas phase ion-1nolecule chemistry. Yurthermore, the cort clation in the distribution

also indicates that the density is 1ather highinthe region of C'*Q emission because HCO™*
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req uires hig h densities for collisional excitation. The lack of 11 CN emission around and
within the disk is probably duetodepletion of HC Nonto grains, which is likely to be
very eflicient at such high densities if the grains arc not too warm (Berginet al. 1995).
These results for HCN appear to be s: milay to what has beenscenin CSin disks and
their surrounding; cores(Blake, van Dishoeck &Sax gent ] 992) and in CCS inthe collapsing
envelope around the YSO and disk in B335 (Velusainy, Kuiper & Langer 1995). HCN, CS,

and CCShavclarge dipole moments. and are muchore likely to stick on grains than CO.

In swinmary, our observations show that the red and blue shifted CO outflow originates
on either side of the circumnstellar disk centeredonIRS 1 andwithin 350 AU of the central
star. The opening angle at the disk edge is-~ 900 andextends out to 10°AU. At larger
distances the Belll.abs and IRAM data show that the flow nariows to ~ 30° between (3-6)
x 10’1 AU.The large opening near thesource and narrowing of the CO outflow at large
distances is consistent wit, hinodc¢ls Of ahigh velocity jet gencrating a turbulent mixing layer
which expands outwards andcanbetraced by CO (see Biro & Raga 1994 and references
therein). The size of the opening angle near the disk is consistent with the models of Cabrit
& Bertout (1 986)of a cone of expanding material emnerging at aninclination angle to the!

linc of sight between 30° and 600 (cf. Feibiget al. 1 996).

The OVRO observations would not have been possible wit hout the help and advice
of the Caltech and OVRO stafl, especially GG. Blake, C. Chandler , A. Sargent, N. Scoville,
and M, Yun.Wewould Jikc to thank JohnBally forproviding preliminary results of the
detection of an optical jet in B3. TheOwens Valey Radio Obscivatory Millimeter Array
is supported by NSI' grant AST'93-140'/9, the K. T. and I. 1,. Nor'r'is Foundation,and
the J}'], Director’s Research 1 )iscretionary Fund. *J his work was performed at the Jet
Propulsion Laboratory, California Institute of ‘Jethnology, undeicontract with the National

Acronauticsand Space Administration.
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